Mouse LM fibroblasts growing continuously in the absence of serum have an increased sensitivity to the cytotoxicity of poly(rI).poly(rC) after interferon (IFN) exposure. This has allowed the isolation by an enrichment procedure of several independent and stable variant clones (IFN + I. C) g which are resistant to such a treatment. One of the resistant variants has been more extensively characterized as far as IFN action and IFN production are concerned. It behaves identically to the wildtype parent except for the spontaneous release of low amounts of IF N. The target of the mutation probably resides in a late step in the development of the cytotoxic response as revealed by microinjection techniques. The (IFN + I. C) g variants characterized here thus appear different from mutants in the IFN system isolated so far.
INTRODUCTION
Interferon (IFN) treatment of cells results in a complex set of biological effects and biochemical modifications whose molecular basis and interrelationships are far from being completely understood. The biochemical and genetic analysis of appropriate mutants should be useful in solving such problems.
Several cell lines exhibiting IFN-resistant phenotypes have been obtained by screening laboratory strains for spontaneous resistance or by selecting cells that are resistant to the growthinhibitory activity of IFNs (for review, see Lebleu & Content, 1982) . Moreover, virus-resistant clones have been selected which turned out to produce IFN semi-constitutively (Jarvis & Colby, 1978) .
The increased susceptibility of IFN-treated cells to the cytocidal effects of various treatments such as infection by vaccinia virus (Joklik & Merigan, 1966) or vesicular stomatitis virus (Katz et al., 1974) , arginine deprivation (Lee & Rozee, 1975) or poly(rI), poly(rC) (Stewart et al., 1972) offers another approach to the isolation of variants in the IFN responses.
We have made use of the pronounced toxic response of LM murine fibroblasts grown in serum-free conditions (Milhaud et al., 1983) to a combined treatment with IFN and poly(rI), poly(rC) followed by an enrichment procedure to isolate several independent resistant (IFN + I. C) ~ clones. One of the (IFN + I. C) a clones has been studied in more detail as far as IFN action and IFN production are concerned. It behaves identically to the wild-type parent except for the spontaneous release of low amounts of IFN.
METHODS

Materials.
Murine fibroblast interferon (MuIFN-~-fl) (induced by Newcastle disease virus in C243 cells and partially purified to a specific activity of 107 units/ms protein) and anti-IFN antibodies (Gresser et al., 1976) were kind gifts of Dr I. Gresser ([nstitut de Recherches Scientifiques sur le Cancer, Villejuif, France).
Batches of donor horse serum (Flow Laboratories) were screened for their ability to promote a 50~ plating efficiency of Ll210 cells in 0.3~ (w/v) soft agar when used at a concentration of 10~ (v/v) .
A 0-25~ (w/v) stock solution of trypsin was prepared in 137 mM-NaC1, 5 mM-KC1, 0.7 mM-NazHPO4, 25 mMTris-HC1, 1 g/l dextrose, buffered at pH 7.4.
Poly(rI).poly(rC) was obtained from P-L Biochemicals and DEAE-dextran (Mr 5 x 105) from Pharmacia.
Cells. LM cells (ATCC clone CCL 1-2) and derived clones were passaged in the absence of trypsin in microbiology-grade Petri dishes as previously described (Milhaud et al., 1983) . Most experiments, however, were performed in tissue culture Petri dishes where the cells attach and grow as monolayers. The cells were grown in RPMI 1640 medium (Eurobio) supplemented with 100 ktg/ml bovine serum albumin (>99~ pure; Fluka, ref. 5470), 1 mM-pyruvate, 0.875 ~tg/ml vitamin B12, 2 mM-glutamine, 50 Units/ml penicillin and 50 ~tg/ml streptomycin in a 5~ COs atmosphere at 37 °C.
L929 cells were grown in monolayer culture in minimal essential medium (Eurobio) supplemented with 3 g/1 Bacto tryptose phosphate, 3.4 g/l glucose, 4~ (v/v) donor horse serum, 50 Units/ml penicillin and 50 ktg/ml streptomycin.
Growth analysis. Cells (2 x 104/ml/well) were seeded in 24-well Linbro dishes. The cells were trypsinized at the indicated times and counted in a haemocytometer. Each experimental point was obtained on duplicate wells and represents the average of four independent determinations.
Virus titration. Vesicular stomatitis virus (VSV), Indiana strain, encephalomyocarditis virus (EMCV) and vaccinia virus (a generous gift of Dr G. Beaud, IRBM, Paris) were used to assess the antiviral effect of IFN. Linbro dishes (24-well) were inoculated with 8 x 104 cells/ml/well and treated as indicated in the text. The cultures were then challenged with VSV at a multiplicity of infection (m.o.i) of 0-1 infectious unit (i.u.)/cell. Thirty to 40 h later, the contents of duplicate wells were mixed and the virus yield was titrated by a dilution method on L929 cells. Cells (3 x 103) were plated in fresh medium in 25 cm 2 dishes. Two h later IFN was added at the indicated concentration for 20 h. Poly(rI) • poly(rC) was then added at the indicated concentration. The medium was withdrawn 90 min later and the cells further incubated in their former medium. Three days later all media were replaced by fresh medium supplemented with 5 ~ (v/v) serum. Colonies were counted under the microscope 2 to 4 days later. Alternatively, the extent of the cytotoxicity could be estimated by the trypan blue exclusion test if l0 s cells were plated. For selection of resistant variants the same procedure as for the first round of selection was followed except that 10 s cells were plated initially. Subsequent rounds of selection were performed without serum addition.
Cytotoxicity of poly(r l).poly(rC) to interferon-treated cells and selection of resistant variants.
Karyotype analysis. Metaphase chromosome preparations were obtained from actively growing populations at the 6th passage. A modification of the method described by Peterson et al. (1979) has been followed. Briefly, 106 cells on tissue culture dishes were treated with 0.2 lag/ml Colcemid for 90 min. The cells were trypsinized, spun down and resuspended in 4 ml 0-075 M-KC1. Seven min later 1 ml fixative (methanol/glacial acetic acid; 3 : 1, v/v) was added dropwise for 1 min. Cells were centrifuged, resuspended in 2 ml fixative and centrifuged again. After two such treatments, the cells were suspended in 0.3 ml fixative, spread on a slide, air-dried and stained with Giemsa after a 10 rain hydrolysis in 1 M-HCl. Photographic records were obtained with a Wild-Leitz Ortholux microscope and chromosome counts performed on photographs.
Assay of2-SA synthetase activity. Cells were homogenized in 2 vol. lysis buffer [20 mM-HEPES buffer pH 7.5, 15 mM-KC1, 1.5 mM-Mg(O,Ac)2, 1 mM-dithiothreitol, 1 mM-phenylmethylsulphonyl fluoride (PMSF), 0.5~ (v/v) Nonidet P40 (NP40)]. The homogenate was centrifuged for 3 min at 10000g and the supernatant (S10) was stored in liquid nitrogen. Protein concentration was determined by the method of Whitaker & Granum (1980) . Five Ixl of cell extracts were incubated for 1 h at 37 °C in 20 ~tl of the incubation mixture described by Minks et al. (1979) , i.e. 20 mM-HEPES-KOH pH 7-4, 15 mM-KCI, 25 mM-Mg(OAc)2, 1-mM-dithiothreitol, 5 mM-ATP, 4 mM-fructose 1,6-diphosphate and 20 ~tg/ml poly(rI).poly(rC). The radioactive 2-5A oligomers synthesized from [3H]ATP in the S10 extract were isolated by chromatography on DEAE-cellulose, according to Minks et al. (1979) , and counted by liquid scintillation. The results are expressed in nmol of ATP transformed per h per mg protein.
Assay of protein kinase activity. Extracts (post-mitochondrial supernatant fractions) were prepared at 4 °C from packed cells lysed into 1.5 vol. homogenization buffer [10 mM-Tris-HCl pH 7-5, 7 mlvl-2-mercaptoethanol, 10 mM-KCI, 1 "5 mM-Mg(OAc)2, 0.5 ~ (v/v) NP40]. The homogenate was brought to 3 mM-Tris-HCl pH 7.5, 90 mM-KC1, 3.5 mM-Mg(OAc)2 and 7 mM-2-mercaptoethanol and centrifuged at 10000 g for 10 rain. The supernatant was either assayed immediately or stored in aliquots in liquid nitrogen. Five ktl of cell extract were incubated for 15 min at 37 °C in 10 mM-HEPES buffer pH 7.6, 90 mM-KC1, 10 mM-Mg(OAc)2, 1 mM-dithiothreitol, 100 IxM-ATP, 20% (v/v) glycerol, 2 ~tCi [),-32p]ATP, with or without 1 p.g/ml poly(rI).poly(rC), in a final vol. of 25 ~tl. After incubation, 2 vol. electrophoresis sample buffer [125 mM-Tris-HC1 pH 6-8, 100 mM-2-mercaptoethanol, 10~ (v/v) glycerol, 2~ (w/v) SDS, 0.005~ (w/v) bromophenol blue] were added to the kinase assay mix which was then heated to 95 °C for 15 rain and analysed by electrophoresis on 9 ~ polyacrylamide slab gels containing 0.5 ~ (w/v) SDS (Laemmli, 1970) . The phosphorylated proteins were detected by autoradiography.
Induction of IFN synthesis by poly(rl).poly(rC). Interferon synthesis in LM cells was induced by
poly(rI), poly(rC) essentially as described by Trapman (1979) for L929 cells. Briefly, confluent monolayers were incubated in RPMI 1640 medium supplemented with poly(rI), poly(rC), DEAE-dextran and donor horse serum, as described in Table 4 . After 6 h, cell monolayers were washed twice with medium and incubated overnight with fresh medium. Culture fluids were collected, centrifuged for 10 min at 800g and assayed for their IFN content by a microtitre method measuring the reduction of the cytopathic effect of VSV on L929 cells (Borden & Leonhardt, 1977) . IFN titres are expressed throughout this paper as laboratory units. One such unit (u) is equivalent to 4.0 reference units of the National Institute of Health Research Standard Preparation, code G-002-904-511.
Cell microinjection. Microinjection of ceils was performed according to the method originally described by Graessmann & Graessmann (1971) . LM cells were grown on small pieces of glass (2 mm 2) so that approx. 200 cells attach to each glass fragment (Huez et al., 1981) .Anaveragevolumeof5 x 10-t° ml was injected in the cytoplasm of each recipient cell with glass micropipettes having a diameter at the tip of about 0.5 ktm. Injections were monitored under a phase-contrast Wild-Leitz Diavert microscope with a magnification of 320.
RESULTS
Isolation of (IFN + I. C) R variants
A brief exposure to poly(rI) .poly(rC) of IFN-treated cells leads to a rapid lysis (Stewart et al., 1972) which is greatly enhanced by serum deprivation (Wallach & Revel, 1979) . We have shown that mouse LM fibroblasts continuously grown in the absence of serum are very sensitive to the cytotoxic effect of a combined treatment with IFN and poly(rI), poly(rC). In dose-response experiments, IFN and poly(rI), poly(rC) alone do not appreciably reduce cell viability, as judged by their plating efficiency, at doses up to 1000 u/ml and 5 ktg/ml, respectively. When added sequentially, however, 1000 u/ml IFN and 5 gg/ml poly(rI), poly(rC) reduce cell survival to less than 5~ (Milhaud et al., 1983) .
Such conditions have thus been used for the selection of resistant variants. Briefly, 105 cells were exposed subsequently to IFN (1000 u/ml) and poly(rI), poly(rC) (5 ~tg/ml) as described in Methods. A few days later, the recovering culture was trypsinized and grown in serum-free medium. The original LM cell line and two subclones (1022 and 522) which have been isolated in our laboratory have been submitted to four such rounds of selection. Three sets of independent resistant populations have been obtained and further cloned in 0.25~ (w/v) agar. All three variants as well as their wild-type parents have a similar cloning efficiency. They differ in their ability to attach to the plastic substratum, revealing possible differences at the membrane level. No complementation analysis has yet been performed.
The resistant variant (1022 B) and its wild-type counterpart (1022) have been chosen for most further studies since they attach to the same extent to their support, thus facilitating experimentation.
Identification of the ( IFN + I. C) R phenotype
The (IFN + I. C) R variants have been characterized in dose-response experiments for their sensitivity, measured by plating efficiency, to a combined treatment with IFN and poly(rI), poly(rC). As shown in Fig. 1 (a, b) , the 1022 B variant was completely insensitive to a combined treatment of 1000 u/ml IFN and 50 p.g/ml poly(rI), poly(rC) whereas less than 1 ~ of the wild-type cells survived these conditions. IFN treatment alone reduced slightly and to the same extent the plating efficiency of each strain. Similar behaviour was observed for the other variant clones isolated.
The resistant phenotype is stable over a period of at least 4 months for populations isolated from the 1022 and 522 subclones while the uncloned resistant population isolated from the original LM strain loses its resistant phenotype in a few weeks. However, several stable subclones have been derived from this unstable population, an observation for which no clearcut explanation is presently available.
Karyotype analysis
Both the 1022 B subline and its 1022 wild-type counterpart were karyotyped. In both cases telocentric and recombined, bi-armed chromosomes, were observed. A long metacentric chromosome with a secondary constriction was noted in almost all the metaphases. As indicated in Table l , no striking difference has been observed as far as the numbers of bi-armed chromosomes, the modal number and the mean of the total population are concerned. The narrow distribution of the karyotype is indicated by the values of the variance.
Responses to IFN of the (IFN + I. C) R variants
Most of the variants isolated so far in the IFN system have an impaired response to IFNmediated growth inhibition and/or antiviral action. In order to test for such possibilities, these two responses have been analysed.
As described in Fig. 2 , the resistant variant (1022 B) and its wild-type parent 0022) multiplied at nearly identical rates in the absence of exogenous IFN and IFN treatment reduced their growth to a similar extent in a dose-dependent way. Similarly, IFN decreased virus growth in a dose-dependent way whether VSV (Fig. 3) , EMCV or vaccinia virus was used as a challenge. However, virus production was significantly lower in the resistant variant even in the absence of exogenous IFN, suggesting that IFN is produced spontaneously. In order to test this hypothesis, On: Sat, 12 Jan 2019 11:59:09 synthetase activities were measured in cell extracts according to Minks et al. (1979) , as described in Methods.
IFN plus poly(rI).poly(rC)-resistant mouse cells
Results are expressed in nmol ATP transformed per h per mg protein.
t ND, Not detectable.
the cells were pretreated for 24 h with MuIFN-~t-fl antiserum before the onset of the experiment. In such conditions VSV (+ Ab in Fig. 3 ) or EMCV multiplied to the same extent in the resistant variant or the wild-type and the dose-response curves to IFN were identical. A dsRNA-dependent 2-5A synthetase and a dsRNA-activated protein kinase (pKi) (for review, see Baglioni, 1979) are induced in most cell lines upon IFN treatment, thus appearing as biochemical markers for the cellular response to IFNs. As described in Table 2 , 2-5A synthetase activity was enhanced to a similar extent upon IFN treatment in the resistant variant and its * 105 (a) or 2 x 105 (b) 1022 wild-type, 1022 B variant or 1022 B rev revertant cells were used. 1000 u/ml IFN, 5 pg/ml poly(rI).poly(rC) and mouse IFN antiserum were added when indicated. Surviving cells were counted by the trypan blue exclusion test. VSV yield was determined as described in the legend to Fig. 3. sensitive parent, although some variability was observed between experiments. Similarly, extracts from IFN-treated 1022 and 1022 B sublines both exhibited the increased level of phosphorylation in a 67 000 Mr protein band characteristic of pKi activity, when incubated with dsRNA and [y-32p]ATP (Fig. 4) .
Simultaneous reversion of the (IFN + I.C) a phenotype and the spontaneous production (a) (IFN + ['C) R phenotype
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Are the spontaneous production of IFN and the (IFN + I" C) R phenotype linked?
That the acquisition of the ( I F N + I. C) R phenotype and the spontaneous production of I F N are not merely due to a coincidence is supported by the following observations.
A spontaneous revertant (1022 B rev) with the sensitivity of the wild-type clone (1022) towards a combined treatment with I F N and poly(rI).poly(rC) has been isolated upon growing the resistant variant (1022 B) for more than 5 months in the absence of I F N and poly(rI), poly(rC) (Table 3 a) . The amount of VSV or E M C V produced by this clone was unaffected by a pretreatment with a specific I F N antiserum, as opposed to the situation described above for the 1022 B resistant clone. The yields of virus by the 1022 B rev and 1022 clones were accordingly comparable (Table 3 b ). The ( I F N + I-C) R phenotype and the constitutive production of I F N * IFN induction was carried out as described in Methods in medium supplemented (expt. 1) or not (expt. 2) with 2% (v/v) donor horse serum. DEAE-dextran and poly(rI).poly(rC) were added at 100 ~tg/ml and 50 lag/ml, respectively. IFN titres were measured by the reduction of cytopathic effect of VSV, as described in Methods. IFN titres are expressed in laboratory units. * LM cells (1022 or 1022 B) were grown on small pieces of glass (2 mm 2) at densities allowing about 200 cells to attach to each glass fragment and treated with 103 u/ml MulFN-ct-fl for 18 h. Cells were incubated with poly(rl)-poly(rC) (outside) at a final concentration of 20 ~tg/ml for 90 min or microinjected with micropipettes with 5 x 10-10 ml of poly(rI).poly(rC) (1 mg/ml). Cell lysis was evaluated 4 h later on 200 cell samples by scoring cells excluding trypan blue under the microscope. Cell lysis was less than 10% in the absence of IFN treatment.
have thus been lost simultaneously. The 1022B rev clone regained its full sensitivity to the antiviral and growth-inhibitory actions of IFN.
On the other hand, two additional (IFN + I. C) R variants (522 A and 522 E) have been tested for spontaneous production of IFN by measuring the influence of a pretreatment with IFN antiserum on VSV growth. They behaved similarly to the 1022 B resistant variant, i.e. the yield of virus was lower in the variants (1022 B, 522 A, 522 E) than in their wild-type counterpart (1022 or 522) and this difference is abolished by a prior treatment with IFN antiserum.
Responses to poly(rl).poly(rC) of the (IFN + I. C) R variants
The (IFN + I.C) R phenotype might obviously result from an altered cellular response to dsRNAs. As documented previously in this paper, both 2-5A synthetase and pKi are normally inducible after IFN treatment and activated upon dsRNA addition, in cell-free extracts at least. The induction of IFN synthesis appears as another characteristic cellular response to exogenous dsRNA and was therefore investigated in the 1022 and 1022 B sublines. As described in Table 4 both sublines produced comparable amounts of IFN when exposed to poly(rI), poly(rC) and DEAE-dextran. This experiment demonstrates the presence of functional receptors for poly(rI).poly(rC) in 1022 B cells, whatever their nature might be, and suggests separate pathways for IFN induction and (IFN + I. C) R cytotoxic response in this cell line. It should be mentioned, however, that poty(rI), poly(rC) appears here as a poorer inducer of IFN production than in L929 cells, a possible consequence of the increased cytotoxicity of poly(rI)-poly(rC) for LM cells.
It has never been unambiguously demonstrated (Burke, 1977) whether the induction of IFN production by synthetic dsRNAs and/or the development of an (IFN + I. C) cytotoxic response require the penetration of dsRNA into the cell. A defective process of internalization of poty(rI), poly(rC) in 1022 B cells could thus conceivably be an explanation for the (IFN + I. C) R phenotype. In order to test for such an hypothesis poly(rI), poly(rC) was microinjected using micrOpipettes in the cytoplasm of LM cells. As described in Table 5 , IFN-treated LM cells rapidly lysed after the injection of poly(rI), poly(rC), thus arguing for an intracellular target of dsRNA. On the contrary, IFN-treated 1022 B ceils exhibited the resistant phenotype even when poly(rI), poly(rC) was directly introduced into their cytoplasm, thus ruling out a possible defect at the levels of dsRNA binding and penetration.
DISCUSSION
The pronounced toxic effect of a scqucntial trcatmcnt of LM cells with IFN and poly(rI), poly(rC), at doses whcrc none of thcsc agents individually affect ccll viability to a grcat extent, has becn used in combination with an enrichment proccdurc to sclcct variants in the IFN rcsponsc. When treated with IFN and poly(rl)-poly(rC), L929 and LM cells behave similarly, i.e. a large proportion lyscs and somc survivc. With L929 cells, however, no sclection of resistant variants has bccn observed (Cooper et al., 1979) sincc the surviving population remained as sensitive as the original cells to the toxic effect of IFN and poly(rI), poly(rC). The successful isolation of (IFN + I. C) R LM sublincs has probably bccn facilitatcd by our scrum-frcc culture conditions which greatly cnhancc thc cytotoxicity of poly(rI), poly(rC), although a definitive explanation for the difference in bchaviour bctwccn closely related L929 and LM cclls cannot bc asccrtaincd.
Thc 1022 B resistant sublinc studied in more dctail here rcspondcd normally to cxogcnous MuIFN-ct-fl trcatmcnt as judged by: (i) the devclopmcnt of a dosc-dcpcndent antiviral effect against viruscs from three diffcrcnt groups, i.e. picorna, pox and rhabdoviruscs; (ii) the development of a dose-dependent antiproliferative effect; (iii) the induction of the two characteristic dsRNA-dcpcndcnt enzymic activities, i.e. 2-5A synthctasc and pKi.
Intriguingly, at least three independent (IFN + I. C) R variants tcstcd so far spontaneously produce low but significant amounts of MuIFN-ct-fl. This and the simultaneous reversion of IFN production and the (IFN + I. C) R character suggcst that a uniquc mutation Icads to such a phcnotypc, any cxplanation for this apparent strong linkage being spcculativc at the prcscnt time. Thc scmi-constitutivc synthcsis of IFN by a virus-rcsistant (3T6 V B2) mutant has bccn described by Jarvis & Colby (1978) . At variancc with 3T6 V B2 cells, however, 1022 B LM cells do not contain an increased level of the IFN-induccd 2-5A synthetasc and pKi and therefore probably do not exhibit thc samc phcnotype.
Taken togcthcr, these observations strongly suggest that wc arc dcaling with a sublinc spccifically affccted in the devclopmcnt of a cytotoxic response to IFN and poly(rl), poly(rC), thus diffcring from mutants in the [FN responses isolated so far (for rcvicw, scc Lcblcu & Content, 1982) .
As far as thc biochemical modifications underlying this rcsistant phcnotype are conccrncd it has been dcmonstrated that: (i) IFN synthcsis is induccd by poly(rI), poly(rC) to the same extent in I022 B and 1022 LM sublincs; (ii) the dsRNA-dcpendcnt 2-5A synthetasc and pKi arc activatcd to a similar cxtcnt by poly(rl), poly(rC) in 1022 B and 1022 ccll extracts; (iii) dsRNA analogucs of highcr stability, which trigger more efficiently the cytotoxic response in 1022 cells, still do not lead to any such rcsponsc in I022 B cclls (H. Frutcau dc Laclos et al., unpublished data); (iv) the direct microinjection with micropipettcs of large amounts of poly(rI), poly(rC) into thc cytoplasm of IFN-trcatcd LM cells allows the dcvclopmcnt of a seemingly identical cytotoxic response in 1022 cells and no such effect in I022 B cells.
Taken togcther, these experimental data strongly suggest that early steps in the intcraction of poly(rl), poly(rC) with cells, i.e. its binding to the cell surface and its pcnctration into cells arc not impaired in i022 B cells, nor arc its degradation by scrum, ccll-associatcd (Fuller & Marcus, 1979) or intraccllular ribonuclcascs altcrcd. Anothcr possible site of mutation might rcsidc in still unknown enzymic systcm(s) involvcd in the dcvclopmcnt of this cytotoxic rcsponse. Thc IFN-induced and dsRNA-activated 2-5A synthetase and pKi could represent such systems. However, the link between the inhibition of protein synthesis resulting from this activation in intact cells (Nilsen et al., 1981 ; Gupta, 1979 ) and the rapid development of cell lysis observed after exposure to poly(rI).poly(rC) and IFN is not obvious. In addition, both enzymes are normally induced by IFN and activated by dsRNA in 1022 B cell extracts, and the microinjection of dsRNA in intact cells, which should lead to their activation, does not promote a cytotoxic response in 1022 B cells. Taken together, these observations do not support a major role for these enzymic activities in the toxicity of dsRNAs for IFN-treated cells.
In conclusion and although we have not yet been able to unravel the molecular mechanisms of (IFN + I-C) cytotoxicity and of the resistant phenotype, they probably reside in a still unknown pathway. Further investigations along this line are presently underway in our laboratory and should be helpful in answering unsolved questions (Burke, 1977) concerning the mechanisms of cell lysis, IFN mechanism(s) of action and induction, as well as their possible interrelationship.
